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INTRODUCTION 
Some of the factors affecting the destruction of micro­
organisms by heat are only imperfectly understood; temperatures 
above the maximum growth are lethal for microorganisms. The 
vegetative cells of bacteria are destroyed almost instantly 
at 100°C. and do not normally constitute a problem in the 
heat-processing of canned food. The spores of certain species 
of bacteria are extremely resistant to heat and prolonged 
exposures to high temperatures are necessary for their 
destruction. 
The mechanism by which heat causes death in bacteria is 
still in doubt. Some workers believe that the heat resistance 
of bacteria is linked with enzyme stability. A widely held 
view is that death results from the coagulation of the cell 
protein. Since spores are more resistant to heat than cells 
there must be a difference in the two forms to account for 
this resistance. If death by moist heat is caused by denatur-
ation of some essential proteins, it is reasonable to suppose 
that lipoid material in the spore may protect the peptide 
linkages from hydrolysis or denaturation and thus prolong 
survival. The fact that spores possess antigens not found in 
vegetative cells indicates important chemical differences in 
the composition of organic molecules of spores and vegetative 
cells. These differences may impart to the spore its extra-
I 
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ordinary heat stability. 
The tolerance of bacterial spores to high temperature 
has been known for many years and at times has been associated 
with the lipid material present in the spores. Extraction of 
lipids from the surface of spores has little effect on reduc­
ing heat tolerance. Therefore, if lipids play any role in 
the resistance of bacteria, it may be attributable to the 
internal components. 
Spores produced at relatively high temperatures have 
been found to be more resistant to heat than those produced 
at lower temperatures. An increase in incubation temperature 
above the optimum apparently causes a decrease in the quantity 
of phospholipid in the spores. 
Later work concerning bacterial lipids and heat 
tolerance has dealt with the fatty acids and degree of 
unsaturation at different temperatures of incubation. Some 
information is available on the phospholipids isolated from 
spores or cells of Bacillus species, but a comparison has not 
been made of the phospholipids from both cells and spores. 
While these differences appear to be significant, they do not 
fully explain the high heat tolerance of spores and lack of 
tolerance of the vegetative cells. Other factors appeared 
to be involved; therefore, the work reported here was under­
taken to determine if any qualitative differences in the 
complex lipid fraction isolated from cells and spores of 
2b 
Bacillus polymyxa might explain these differences in heat 
tolerance. 
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REVIEW OF LITERATURE 
The term "lipid" (or "fat") is ill-defined and covers 
a large number of compounds associated by a common solubility 
product. Chemically the lipids are difficult to identify and 
classify since they contain no single characteristic group or 
element. Hanahan (I960) considers "lipid" or "fat" as esters 
of long-chain fatty acids and alcohols, or closely related 
derivatives. He defines the complex lipids as esters which 
may contain phosphorus, nitrogen bases and/or sugars, in 
addition to long-chain fatty acids and an alcohol. This is 
based, in part, on the nomenclature of Folch and Sperry (1948) 
and Baer si. (1952). Bloor (1935) identified them not only 
on a chemical basis but also on the basis of solubility and 
biological relationships. 
The phospholipids have maintained an important place 
in lipid analysis for many years because of the ease with 
which phosphorus may be analyzed. The phospholipids, and 
in general lecithins, have been the object of extensive 
chemical and biological research. Undoubtedly much of the 
incentive was due to the ease of detection of lecithin and 
its isolation in a fair state of purity by relatively simple 
means. Simple and complex lipids, though not easily crystal­
lized, can be treated as definite chemical entities and thus 
subjected to the critical examination applied to other 
4 
organic compounds. 
Bacterial Lipids 
The lipids of bacteria have been investigated for 
many years; however, Anderson (1943) reported that before 
1926 the only chemical constituent of lipids of the tubercle 
bacillus that had been definitely identified was oleic acid. 
General properties of the bacterial lipids 
Bacterial lipids are characterized by the frequent 
presence of branched-chain acids, of hydroxy acids, of 
glycolipids, and the presence of large proportions of free 
fatty acids (Asselineau and Lederer, 1953» I960; Lovern, 
1957)• Opinions differ as to the presence of sterols in 
bacteria. The absence of sterols has been reported by 
Chargaff (1933) in the diphtheria bacillus (Corymebacterium 
diphtheria) and by Cmelik (1952) in Salmonella typhi. Crowder 
and Anderson (1934b), however, identified the crystalline 
portion of the unsaponifiable matter of Lactobacillus acido­
philus as cholesterol. Sifferd and Anderson (1936) detected 
a sterol in Azotobacter chroococcum. Further discussion on 
the presence or absence of sterols has been given by 
Asselineau and Lederer (1953» I960). 
5 
Composition of the medium and effects on lipid content 
In a review on the influence of media on fat forma­
tion, Stephenson (1949) reported that the growth of bacteria 
is influenced by the medium in a qualitative as well as 
quantitative direction. Stephenson and Whetham (1922) 
demonstrated this influence by the relative amount of lipid 
substance formed on different sources of carbon. They reported 
that the function of lipid material in Mycobacterium phlei 
was to serve as a carbon supply during starvation because 
the lipid content decreased when the carbon supply had been 
exhausted. Larson and Larson (1922) pointed out that organ­
isms which ferment glucose are unable to utilize it for fat 
formation; the more aerobic and oxidizing type organisms 
increase in lipid content. They also reported that Bacillus 
mucosus (Klebsiella ozaenae), which also ferments glycerol, 
showed a decrease in lipid material probably due to the 
deleterious effects of the acid formed. Slepecky and Law 
(1961) were able to obtain different levels of poly-P-hydroxy-
butyric acid synthesis by Bacillus megaterium with a choice 
of medium. The precise strain of organism, its age, and the 
ingredients of the medium have an important influence on the 
content and composition of bacterial lipids (Frouin and 
Guillaumie, 1928; Creighton et al.. 1944; DeSutô-Nagy and 
Anderson, 1947; Asselineau, 1951; dmelik, 1955)• 
The degree of unsaturation of bacterial lipids is 
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influenced by the temperature of growth. Gaughran (194?) 
observed that the lipids of Bacillus subtilis decreased in 
unsaturation as the incubation temperature was raised above 
the optimum. This was also reported for lipids of Bacillus 
stearothermophilus (Long and Williams, i960). Marr and 
Ingraham (1962) found the reverse with the unsaturated fatty 
acids of £. coli decreasing continuously as growth temperature 
was increased. 
Waxes 
The occurrence of true waxes (esters of long-chain 
fatty acids with long-chain fatty alcohols) is rather 
infrequent in bacterial lipids, and seems to be mainly 
restricted to mycobacteria and corynebacteria (Asselineau and 
Lederer, i960). Anderson (19^ 3), investigating the lipids of 
the tubercle bacillus, obtained the so-called "wax fractions" 
by extracting with chloroform bacterial cells that had been 
exhaustively extracted with an alcohol-ether mixture. After 
purification and hydrolysis, he discovered that the bacterial 
waxes were not true waxes in the ordinary sense. The cleavage 
products consisted of optically active hydroxy acids of very 
high molecular weight, certain lower fatty acids, some new 
higher alcohols, carbohydrates, and, in some cases, glycerol. 
Anderson believed that the bacterial waxes represented mix­
tures of fatty acid esters of carbohydrates, glycerides, and 
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some true waxes. The fatty acids occurring in the waxes were, 
in most cases, new and previously unknown compounds, and their 
chemical constitution had not been determined. 
In mycobacteria, two kinds of true waxes occur. Human 
and bovine strains of Mycobacterium tuberculosis contain 
diesters of mycocerosic acid and the alcohols of the phthio-
cerol group (Philpot and Wells, 1952; Noll, 1957; Smith et al.. 
1957). According to Asselineau and Lederer (I960) the phthio-
cerol is an aliphatic methoxyglycol. 1$. avium and M. nhlei 
contain a mixture of 2-eicosanol and 2-octadecanol instead of 
phthiocerol. Beeves and Anderson (1937) and Pangborn and 
Anderson (1936) assumed that these alcohols occurred as 
esters. 
Microsides or esters of carbohydrates 
The term microsides was proposed by Gubarev (1951) 
and grouped under this term are the esters of the fatty acids 
with the oside components of bacterial origin. Examples of 
these are the glycosides of fatty alcohols, glycosides of 
hydroxy acids, and esters of carbohydrates. Smith g£, âl. 
(1957) isolated a compound produced only by bovine strains 
and a compound produced only by photochromogenic strains of 
"atypical" mycobacteria. They believed these compounds to 
be glycosides of fatty alcohols; but further work needs to be 
done for positive identification. Bergstrom gfc. âi.. (1946) 
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isolated glycosides of hydroxy acids from Pseudomonas pyo-
cyanea. The material, "pyolipid acid", was an L-rhamnoside 
of D-hydroxydecanoic acid with the sugar attached to the 
hydroxy group of the acid. Jarvis and Johnson (1949) 
isolated a similar compound from Pseudomonas aeruginosa. 
Trehalose esters of fatty acids include derivatives 
of "tuberculostearic" acid (10-methylstearic acid) and, in 
human tubercle bacillus lipids, phthioic acid (Lovern, 1957)» 
The mycobacteria contain glycerides, but the principal 
water-soluble constituents of their fats is trehalose which 
Anderson and Newman (1933a) isolated in crystalline form from 
three human strains. Trehalose has also been isolated from 
human strains by Aebi et al. (1953)» 
Mycolic acid is an important part of the mycobacteria, 
and is present principally in the form of esters, either 
with a polysaccharide, monosaccharide, or amino acids. 
Mycobacterium tuberculosis var. hominis contains mycolic 
acid esters of arabinose, galactose, and mannose as well as 
esters of the amino acids alanine, glutamic acid, and a,e-
diaminopimelic acid. Mycolic acid has also been found 
esterified with trehalose in M. phlei and M. avium (Fangborn 
and Anderson, 1936; Beeves and Anderson, 1937; Asselineau 
e% al.. 1950). A toxic lipid in the "cord-forming myco­
bacteria" has been identified as 6,6*-dimycoloyltrehalose 
(Bloch, 1950; Noll jsiâi*» 1956). The structure was con­
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firmed by the synthesis of Gendre and Lederer (1956). 
Asselineau al. (1954) reported that the same type of 
toxicity is found in the case of synthetic esters of mycolic 
acid and glucose or glucosamine where the acid is bound to 
the hydroxy number 6 of the component oside. 
Lipopolysaccharides of bacteria 
The lipopolysaccharide complexes represent 5-10# of 
the weight of certain Gram negative bacteria. They can be 
obtained from the endotoxins, and are high molecular weight, 
water soluble lipopolysaccharides. According to Asselineau 
(1957), two distinct fractions have been isolated: one, 
phospholipid B, constituting about 10% of the complex, and 
the other, phospholipid A, constituting 5 to 15# of the 
complex. A similar fraction is the phospholipid isolated 
by Ikawa âl. (1953a, b) from lipopolysaccharide of 
Escherichia coli. Hydrolysis of the phospholipid released 
lauric acid, myristic acid, palmitic acid, and an optically 
active 0-hydroxy myristic acid. Hydrolysis of some nitrogen­
ous components of the phospholipid moiety released D-glucos-
amine, ethanolamine and a hitherto unreported diamine, 
necrosamine. Necrosamine was later synthesized by Ikawa 
and Nieman (1953)- Neter et al. (1957) worked with a 
number of lipopolysaccharides from £. coli and found they 
could reduce but not abolish toxicity by treatment with 
10 
sodium hydroxide. 
Alcohols and ketones 
Alcohols and ketones have been found as components 
of bacterial lipids. The unsaponifiable fractions of the 
purified wax from Mycobacterium avium, a strain of #. phlei, 
and leprae were shown to contain 2-octadecanol and 2-
eicosanol (Anderson al., 1936; Pangborn and Anderson, 
1936; Beeves and Anderson, 1937)» Crowder si âl* (1936) 
isolated alpha and beta leprosol from the unsaponifiable 
fraction of the acetone-soluble fat of a saprophytic strain 
of M. leprae. 
The unsaponifiable fraction of the lipids of 
Corvnebacterium diphtheriae contains the ketones, palmitone 
and cis-A^ -palmitenone (Pudles and Lederer, 1954a). The 
structure of cis-A^ -palmitenone has been confirmed by 
synthesis by Pudles and Lederer (1954b). An aliphatic 
methoxyglycol, phthiocerol, has been isolated from waxes of 
human and bovine strains of tuberculosis (Stodola and 
Anderson, 1936; Cason and Anderson, 1937)• An unsaturated 
ketone, tuberculenone, has been isolated from the waxes of 
two human strains of M. tuberculosis. 
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Acids 
A large number of fatty acids, many specific for 
bacterial lipids, have been isolated. A detailed discussion 
will not be given here, but many will be mentioned in con­
junction with some other lipid component. A catalogue of the 
various fatty acids which are encountered in bacterial lipids 
has been published by Asselineau (1957)• They have also been 
discussed by Bloor (1943), Asselineau and Lederer (1953» 
I960), and O'Leary (1962). 
Poly- p-hydroxybutyri c acid 
Poly-p-hydroxybutyri c acid cannot be called a complex 
lipid if one considers the definition of Hanahan (I960) 
mentioned earlier. However, this lipid has been included in 
this review since it is present in Bacillus species in large 
concentrations and is considered the major lipid component 
of this genus. 
The lipids of Bacillus megaterium consist almost 
entirely of a large amount of p-hydroxybutyric lipid which is 
formed by dehydration and polymerization of D( - ) - P-hydroxy-
butyric acid according to Lemoigne si al,. (1944); Lemoigne 
(1946). The same type of lipid has also been isolated from 
B. cereus, B. mycoides, and B. anthracis (Williams and 
Wilkinson, 1958). 
Poly-P-hydroxybutyri c acid was first described by 
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Lemoigne (1926). Previously an aerobic sporeforming bacillus 
(Bacillus M) was shown to form quantities of lipid in anaer­
obic suspensions in the absence of an external carbon and 
energy source. Quantitative estimations of this acid accounted 
for the greater part of the acidic substances produced. This 
material, extracted from the bacilli by chloroform, had an 
empirical formula (C^ H^ O^ )^ , and was identified as a polymer 
of p-hydroxybutyric acid (Lemoigne, 1923, 1925, 1926, 1927). 
Lemoigne s£. si. (1944) showed that there was a correlation 
between the amount of poly- p-hydroxybutyri c acid and the 
amount of refractile lipid inclusions in Bacillus species. 
Confirmation that the acid was a major lipid constituent of 
these inclusions was obtained by Weibull (1953) in his 
observations on the nature of the granules isolated from 
dissolution of the cell wall of Bacillus megaterium by 
lysozyme. 
Poly-P-hydroxybutyric acid has been observed in 
Bacillus species by a number of other workers; Lemoigne and 
Boukhelman, 1940; Lemoigne et al.. 1945; Lemoigne, 1946; 
Lemoigne et al.. 1949; Lemoigne et al.. 1950; Tinelli, 1955b, 
c; Macrae and Wilkinson, 1958; Williamson and Wilkinson, 1958; 
Law and Slepecky, 1961; and Slepecky and Law, 1961. This 
compound, first detected in the genus Bacillus, has been 
found in a number of other organisms. It was detected in 
Azotobacter chroococcum by Lemoigne and Girard (1943), but 
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its widespread occurrence in Gram negative bacteria was first 
demonstrated in 1958 by Forsyth si al» These authors detected 
it in strains of Chromobacterium. Bhizobium. Azotobacter. and 
Pseudomqna^ . but were unable to detect it in strains of Ppote-
U&, Flavobacterium. Aerobacter. Escherichia. Serratia. ^ n-
thomonas. and Protaminobacter. Morris and Roberts (1959) 
reported that, of the classified strains of Pseudomonas 
tested, p-hydroxybutyric acid appeared to be present only 
in the animal and plant pathogens Pseudomonas pseudomallei 
and solanacearum. and also in antimvcetica. The 
polymer has also been reported in £§,. saccharophilia 
(Doudoroff and Stanier, 1959), Ps. methani(Kallio and 
Harrington, I960), £§,. pseudomallei (Levine and Wblochow, 
I960), Rhodospirillium rubrum (Doudoroff and Stanier, 1959), 
Spirillum and Vibrio (Hayward et al., 1959) and Micrococcus 
halodenitrificans (Smithies si al.> 1955). 
Poly-(B-hydroxybutyric acid probably functions as an 
intracellular reserve of carbon and energy (Doudoroff and 
Stanier, 1959; Macrae and Wilkinson, 1958), and is utilized 
during the process of sporulation in bacilli (Tinelli, 1955a, 
b). Slepecky and Law (1961) showed that if cultures of 
Bacillus megaterium were fortified with P-hydroxybutyric acid 
or conditions were not favorable for its rapid utilization, 
the cells slowly utilized the endogenous supply as a reserve 
energy and carbon source and did not readily sporulate. 
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Slepecky and Law also noted that if poly-p-hydroxybutyric acid 
is in low supply or conditions for its rapid utilization are 
favorable, the organisms rapidly utilize this source of 
endogenous nutrient for the sporulation process. The poly­
mer reserve apparently is not a mandatory prerequisite but, 
if present, it can serve as a source of carbon and energy for 
the sporulation process. A general observation is that 
organisms which form poly-P-hydroxybutyric acid are also 
able to break it down. Therefore, this polyester is considered 
to be an intermediate of metabolism rather than an end product 
(Sierra and Gibbons, 1962). 
Glycolipids 
Glycolipids are compounds, such as cerebrosides, in 
which fatty acids, a carbohydrate and a nitrogen compound 
are combined. Hanahan (I960) stated that cerebrosides 
contain a nitrogenous base, either sphingesine or dihydroxy-
sphingosine, a long-chain fatty acid, and a sugar. They 
have been variously designated as galactolipins, glycolipids, 
and glycosphingosides. 
Jarvis and Johnson (1949) isolated a crystalline, 
acidic glycolipid produced by three strains of Pseudomonas 
aeruginosa. They reported the compound to be composed of 
two units each of L-rhamnose and 1-p-hydroxydecanoic acid. 
Hauser and Karnovsky (1954) were able to obtain glycolipid 
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production by £g. aeruginosa on both a bactopeptone and a 
synthetic medium. The 2-0-methyl ethers of fucose and 
rhamnose and the 2,4-di-O-methyl ether of rhamnose have been 
detected as components of glycolipids of Mycobacterium species 
by MacLennan al. (i960). 
Bacterial phosphatides 
Mycobacteria The lipids of M. tuberculosis, M. 
phlei, and M. leprae have been studied in much more detail 
than those of other bacteria. Upon extraction with neutral 
solvents they may yield from 8# (M. phlei) to 24# (human 
tubercle bacillus) of lipids, on a dry weight basis, and an 
additional 12-19# of "firmly bound" lipids may be obtained 
with acidified solvents (Lovern, 1957)* 
For many years ether has been used as a solvent to 
extract lipids from bacterial cells. Early workers observed 
that the lipids extracted from tubercle bacilli with ether 
contained phosphorus (Auclair and Paris, 1907» 1908; Burger, 
1917» Goris and Liot, 1920a, b). Goris and Liot (1920b) 
discovered that completely defatted bacilli were not acid-
fast. Up to this time much confusion existed on this subject, 
acid fastness having been attributed by various authors to 
different cellular constituents. Goris (1920) investigated 
the lipid constituents extracted from large quantities of 
a mixture of human and bovine bacilli grown on glycerol 
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broth. He discovered that about 40# of the dry weight of 
the organism could be extracted. The extract contained a 
wax which consisted of a high molecular weight alcohol, fatty 
acids, a phosphatide (probably lecithin), and possibly a 
sterol. Goris could not definitely identify cholesterol in 
the lipids of the tubercle bacillus although a substance 
reacting similarly to cholesterol was detected. Burger (1916) 
extracted human tubercle bacilli with organic solvents 
obtaining the following amounts of material with each solvent: 
acetone, 36#; absolute alcohol, 5#» ether, 6#; methanol, 8.8#; 
and chloroform, 9*8#. The alcohol extract contained a mix­
ture of substances, the most insoluble of which the author 
indicated might contain cholesterol. Agulhon and Frouin (1919) 
extracted large amounts of material from dried tubercle 
bacilli with alcohol. This material was composed of fatty 
acids, neutral fats, esters of the higher alcohols, hydro­
carbons, and a substance containing phosphorus. The latter 
represented about 14# of the total alcohol extract of the 
organism and was composed of a mixture of substances of 
phosphatidic character which on hydrolysis gave fatty acids, 
glycerol, a base analogous to choline, and a gummy substance 
which yielded dextrose. Agulhon and Frouin were unable to 
detect cholesterol. 
Anderson (1943) reported that the fat of the tubercle 
bacillus is referred to in older literature as glycerides, but 
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glycerol had never been adequately identified as a constituent 
of the fat after saponification. He also found that, in 
earlier studies of the acetone-soluble fats from human and 
bovine tubercle bacilli, and from phlei. no glycerol could 
be detected. Trehalose was detected in several human tubercle 
bacillus strains and from the fat of T$. leprae (Anderson and 
Newman, 1933; Anderson âl* » 1937; Crowder â2L», 1936). 
Evidently the neutral fat of the tubercle bacillus is not a 
glyceride, but consists of fatty acid esters of trehalose. 
The phosphatides are acidic in reaction and have 
usually been reported as almost nitrogen-free. According 
to Lovera (1957), traces of nitrogen in these acid-fast 
bacterial phosphatides are not derived from choline or 
ethanolamine; however Michel and Lederer (1955) reported the 
presence of ethanolamine in the phosphatides of Mycobacfrfty? 
marianum. Barbier and Lederer (1952) reported that the 
phosphatide of phlei contains about 1% hydroxylysine. 
The hydroxy lys ine is linked to the phosphatide through its 
hydroxyl groups, with its amino group free as in cephalin. 
This phosphatide can contain hydroxyly s ine and other amino 
acids and has a minimal molecular weight of about 16,000. 
Amino acids have been reported in the phosphatide of IJ. phlei 
by other workers (Gendre and Lederer, 1952; Vilkas and 
Lederer, 1955; Michel and Lederer, 1955)-
The phosphatides from various strains of mycobacteria, 
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after hydrolysis with 5# aqueous sulfuric acid, yielded fatty 
acids and water-soluble compounds (Anderson, 1943). The fatty 
acids were extracted with ether and separated by the lead 
soap-ether procedure into solid and liquid fatty acids. The 
liquid, saturated acids isolated from the phosphatides of the 
human tubercle bacillus were dextrorotatory, whereas those 
from the phosphatides of the other acid-fast bacteria were 
optically inactive. After acid hydrolysis of phosphatides, 
the water-soluble compounds were treated with phenylhydrazine 
and a compound precipitated which was shown by Anderson and 
Renfrew (1930) to be mannose phenylhydrazone. After removal 
of the phenylhy drazone, Anderson and Renfrew were able to 
isolate crystalline inositol previously undetected as a 
constituent of phosphatides. Anderson and Roberts (1930) 
also isolated inositol and mannose from the phosphatides of 
the human, avian, and bovine strains of U. tuberculosis. 
Vilkas and Lederer (1955) were able to isolate mannose and 
inositol from M. phlei phosphatides. 
The phosphatide fraction of Phlei was shown to 
contain 6# waxy material, 10# glycerophosphoric acid, 9% 
mannose, and 2% inositol (Pangborn and Anderson, 1931)' 
Anderson and Uyei (1932) discovered the phosphatide isolated 
from ]J. leprae to be similar in composition to that isolated 
from other acid-fast bacteria. After saponification with 
dilute alcoholic KOH, only the fatty acids and glycerophos-
19 
phoric acid were split off while the polysaccharide complex 
was left intact. When hydrolyzed with acid, the polysaccharide 
yielded approximately 2 parts mannose, 1 part inositol, and 1 
part of a reducing hexose which the authors considered to be 
invert sugar or fructose. 
Bloch (1936a) isolated a nitrogen-free compound from 
the phosphatide fraction of human tubercle bacilli which he 
concluded to be a wax alcohol. He was also able to identify 
an organically bound magnesium that had split off and later 
(1936b) reported this compound to be the magnesium salt of 
diglyceride phosphoric acid. Anderson al. (1938) reported 
that the phosphatide of the human tubercle bacillus contains 
at least two types of carbohydrates both containing nitrogen 
in organic combination. One appeared to be mannose-glycerol 
diphosphoric acid and the other manninositose phosphoric 
acid. DeSut'd-Nagy and Anderson (194?) recovered an inositol 
glycerol diphosphoric acid from the phosphatide of the human 
tubercle bacilli. In several strains of mycobacteria, 
Vilkas and Lederer (1956) discovered the magnesium salt of a 
phosphatidic acid and the magnesium salt of a phosphatidyl-
inosito-di-D-mannoside, both of which contained palmitic 
and stearic acids. According to Asselineau and Lederer (I960) 
this phosphatidyl inositodimannoside could be considered the 
typical phospholipid of mycobacteria. Nitrogen-free phospho­
lipids from several strains of mycobacteria were shown to be 
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mixtures of phosphatidic acid, phosphatidyl inositol, 
phosphatidylinositomono-, di-, and tri-mannosides as well 
as inositopentoglucosides (Lederer, 1961). Phosphatidyl 
inositopentamannosides were also present in tubercle bacilli 
(Pangborn, 1958). All phospholipid fractions of mycobacteria 
contained inositol and mannose; however, Michel and Lederer 
(1955) isolated a glucose-containing fraction lacking mannose. 
The glycerophosphatidic acids of fj. tuberculosis. M. bovis. 
H. avium, and #. nhlei were made up principally of diphos-
phatides of glycerol (Faure and Maréchal, 1962). 
The lipids of the acid-fast bacilli evidently are 
built on an entirely different pattern from the lipids occur­
ring in ordinary plant and animal material. They contain 
new and specific chemical compounds such as fatty acids, 
higher alcohols, and carbohydrates. The phosphatides are 
combined with carbohydrate which contains phosphorus and 
which yields mannose and inositol or one of these on hydroly­
sis. Earlier work indicated that no glycerol was present in 
the phosphatides, but later work has shown the presence of 
glycerol. Improvements in chemical methods could very well 
account for this discrepency. The waxes of the acid-fast 
organisms contain certain characteristic higher alcohols. 
All of the wax fractions contain optically active hydroxy 
acids of high molecular weight which have been designated by 
the general name "mycolic acid." Anderson (1943) reported 
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that every strain of tubercle bacillus that they examined 
contained one or more mycolic acids which differed in their 
properties. The mycolic acids are acid-fast. 
Lactobacillus acidPPWttS Lactobacillus 
acidophilus contained 7# of ether-soluble lipids (Crowder and 
Anderson, 1932, 1934a, 1934b). The crude lipids were composed 
approximately of 35» 2# neutral glycerides, and 32# phosphatide. 
On saponification, the neutral fat gave 6.7# unsaponifiable 
matter, 81.5# fatty acids, and 12.5# crude glycerol. Hydroly­
sis of the phosphatide fraction yielded about 55# fatty acids; 
the other constituents were soluble in water and consisted of 
glycerophosphoric acid, choline and over 20# polysaccharide. 
The fatty acids consisted of saturated and unsaturated acids. 
The phosphatides contained 1.4# phosphorus and 1.2# nitrogen. 
Choline accounted for a small fraction of the total nitrogen, 
the rest being unidentified. The polysaccharide was composed 
of a mixture of galactose, glucose and fructose. Alkaline 
hydrolysis showed the sugars were present as a phosphorylated 
non-reducing polysaccharide, apparently an isomer of raffinose. 
No indication was made by Crowder and Anderson (1932, 1934a, 
1934b) of the presence of lactobacillic acid which was 
reported by Hofmann al. (1952) to be present in £. arabi-
nosus and L. caçei. 
Agrobacterium tumefaciens A comparison of the 
lipid fraction of tumefaciens. the organism that causes 
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crown gall in plants, with that of the tubercle bacillus was 
made by Chargaff and Levine (1936, 1938). They detected 
choline and ethanolamine among the hydrolysis products which 
showed the phosphatides to be lecithin and phosphatidyl 
ethanolamine. As with the tubercle bacillus, high molecular 
weight, liquid, saturated fatty acids were present which 
presumably possessed branched-chain structures and, together 
with the phosphatide fraction, were responsible for the 
physiological activity. Geiger and Anderson (1939) noticed 
that the media upon which A. tumefaciens was grown greatly 
influenced the lipid composition of the organism. Bacteria 
grown on a glycerol-containing medium yielded only 2# total 
lipid of which 44# was phosphatide. When the organism was 
grown on a sucrose-containing medium, 6# total lipid was 
obtained, of which 64# was phosphatide. The phosphatide 
consisted of about equal parts of lecithin and cephalin, 
giving glycerophosphoric acid, choline, ethanolamine and an 
amino acid on hydrolysis. When the organism was grown on a 
glycerol-containing medium, the fatty acids consisted of 
small amounts of solid saturated acids, unsaturated acids, 
and a large amount of liquid saturated acids of high molecular 
weight. The fatty acids of the phosphatides from bacteria 
grown on a sucrose medium consisted of small amounts of solid 
saturated acids, liquid saturated acids, and a large amount 
of liquid unsaturated acids. Along with normal fatty acids, 
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there was about 18# branched-chain acids, predominantly 
phytomonic acid (Geiger and Anderson, 1939; Velick, 1944). 
Phytomonic acid was considered identical with lactobacillic 
acid (Hofmann and Tausig, 1955)* 
Kaneshiro and Marr (1962) reported that the principal 
phospholipid of A* tumefaciens was phosphatidyl ethanolamine 
with traces of phosphatidyl choline. The fatty acids from 
the phospholipids of tumefaciens were myristic, palmitic, 
hexadecanoic, methylene hexadecanoic, octadecenoic, and 
lactobacillic acids. 
Enteric bacilli The ether extracted fatty sub­
stances obtained from dried Salmonella tvphosa cells con­
sisted almost entirely of free acids, but did contain a 
slight amount of unsaponifiable substance (Akasi, 1939)• 
Neither phosphorus nor nitrogen was detected in the lipid. 
Akasi suggested that no fat was obtained in the ether 
extract because an enzymatic saponifying process might have 
taken place during the preparation and extraction of the 
cells. His reasoning may have been correct in view of the 
activating effect of ethyl ether on phosphatidase (Kates, 
1960a). 
The phospholipids of Salmonella ballerup and £• 
naratvnhi contained a large number of amino acids but no 
choline, ethanolamine, inositol or carbohydrate (Cmelik, 1953» 
1954). The phospholipids isolated from £• tvphosa contained 
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ethanolamine, with lesser proportions of amino acids (Cmelik, 
1955a). Carbohydrates and choline were not detected. The 
complex lipids were comprised of a mixture of phosphatides 
and free fatty acids, which included an acid of high molecular 
weight. Cmelik (1955b) separated the phospholipid of 
typhosa into a methanol soluble and a methanol insoluble 
fraction. The methanol soluble fraction was composed of 
gly c eropho sphat i des containing complex bound amino acids but 
little phosphorus. A phosphatide separated from the methanol 
insoluble fraction contained glycerophosphoric acid, galacto-
phosphoric acid, cephalin, and an acetone-soluble phosphatide. 
Nicolle and Allilaire (1909) observed that the total 
lipid content of a series of enteric bacilli ranged from 9 
to 16% of the dry weight of the organism, and the presence of 
phosphorus in the extracts indicated that a phospholipid was 
present. Dawson (1919) reported that the total lipid of £. 
col& grown on glycerol-free medium varied between 4 and 5%, 
but in the presence of one percent glycerol increased to 8#. 
When £. coll was grown on a synthetic medium containing 
alanine in one case and cystine in another as the source of 
nitrogen, the lipid content of the dry cells was 7*8# in the 
former and 3.6# in the latter (Eckstein and Soule, 1931)• 
Phosphatide was present to the extent of 17.4# of the total 
lipid, but no cholesterol or other sterols were detected. 
Later, Williams ajL. (1939) examined 4 strains of £. coli. 
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3 strains of Jg. communlor. 1 strain of Escherichia-Aerobacter 
" intermediate ", and a strain of £. paradvsenteriae. and 
reported that the total lipid content of the organisms varied 
from 4.3 to 7.9# of the dry weight. Phospholipids represented 
approximately 60# of the total lipid. No cholesterol or 
other sterols were detected. The fatty acids in the phospho­
lipid molecule ranged from 63 to 73#* The authors believed 
the fatty acids were not identical as indicated by the 
iodine numbers. The content of phosphorus and nitrogen of 
the phospholipid was normal (1:1) with the exception of one 
strain of £. coll which showed evidence of a phosphatidic 
acid instead of a nitrogen-containing phospholipid. 
Kurokawa ê£, ai,. (1959) isolated and identified 
ethanolamine and serine from hydrolysates of the lipopoly-
saccharide protein complex isolated from £. coli. They were 
unable to detect choline or cerebrosides. Lipids extracted 
from g. coli contained negligible amounts of free fatty acids 
and neutral lipids (Law, 1961). This material, probably 
phosphatidyl ethanolamine, on hydrolysis yielded fatty acids, 
glycerol, phosphate and ethanolamine. The fatty acids of 
the ethanol-soluble phospholipids of £. coli contained 
myristic, palmitic, palmitoleic, octadecenoic, and lacto­
bacillic acids. A new fatty acid which comprised 22# of the 
total fatty acids was isolated and identified as cis-9, 10-
methylene hexadecanoic acid. The principal lipid of £. coli 
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ex tractable with ethanol and methanol-chloroform was a 
phosphatidyl ethanolamine (Kaneshiro and Marr, 1961, 1962). 
Kanfer and Kennedy (1962) showed phosphatidyl serine 
to be a component of £. coli lipid. Hill (1962) was able to 
show incorporation of orthophosphate into phospholipid by 
isolated membrane fractions of fi. coli. After separation on 
a silicic acid column, the lipids were found to contain 
phosphatidyl serine, phosphatidyl ethanolamine and phospha­
tidyl inositol. 
Miscellaneous organisms Gilby fit al. (1958) pre­
pared protoplast membranes of Micrococcus lvsodeikticus and 
separated the membranes into a lipid fraction (28#) and a 
defatted fraction (72#) by solvent extraction. The lipid 
component consisted of about 80# complex phosphatidic acid 
together with traces of carotenoids and other unidentified 
material. They concluded that the membrane is composed of 
a complex structure of protein, lipid, and carbohydrate. 
Macfarlane (1961a) investigating similarly prepared 
material, reported that the phospholipid fractions consisted 
of a diphosphatidy1 glycerol with mainly branched acids, 
some phosphatidyl inositol, and a complex yielding glycero­
phosphate, glycerol, mannose and fatty acids, on acidic 
hydrolysis. Examination of the lipid from whole cells 
indicated that the lipid complex was a mixture of phosphatidyl 
glycerol and a glycolipid yielding a glycerylmannoside (Mac-
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farlane, 1961b). 
Cells of #. halodenitrificans grown in 1.0# NaCl 
contained 9-13# total lipids, of which about half was 
phosphatide (Kates fit al., 1961). Seven lipid components 
were detected by chromatography, two of which were 
tentatively identified as phosphatidyl ethanolamine and 
phosphatidyl glycerol; lecithin was completely absent. No 
qualitative changes were found in the phospholipid of fatty 
acid constituents of cells grown in media containing different 
concentrations of sodium chloride. 
Cota-Bobles fit (1958) examined the submicroscopic 
particles in extracts of Azotobacter agilis. One type of 
particle was composed of ribonucleoprotein while the other 
appeared to be a fragment of the hull. Purified hulls 
obtained by brief sonic oscillation contained phospholipid 
composed of ethanolamine but no serine or choline. Kaneshiro 
and Marr (1962) also found phosphatidyl ethanolamine in the 
phospholipid fraction of 4. agilis. 
Lecithin, cephalin, and sphingomyelin were detected 
in the lipids of Neisseria gonorrhoeae (Stokinger fit fil., 
1944). An investigation of the phospholipids of Vibrio 
cholera by Biass (1956) revealed the presence of ethanolamine 
and ornithine as well as a number of other amino acids. In 
addition to phosphatidyl ethanolamine, Goldfine (1962) detect­
ed a second major phospholipid peak when the lipids of 
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Clostridium butyricum were separated on silicic acid. This 
peak emerged after that of phosphatidyl ethanolamine and was 
identified as N-methylethanolamine phospholipid. Pew (1955) 
detected ethanolamine and serine in hydrolysates of phospho­
lipids from cells of Pseudomonas denitrificans and Staphylo­
coccus aureau. Silberman and Gaby (1961) investigated the 
uptake of amino acids by lipids of PsAudnmnn^ g aeruginosa, 
and aqueous acid hydrolysates of phospholipids extracted from 
normal resting cells of the organism revealed choline, 
ethanolamine, serine and a number of other amino acids. 
Bacillus Since several enzymes were associated 
with lipids isolated from the "red fraction" of cells of 
stearothermophilus, this fraction was reported to be analogous 
to the mitochondria of animal cells (Dyer, 1953)» The cells 
contained 1.5# lipid; the "red granules" contained 11.07# 
lipid, 97# of which was sphingomyelin. Neither lecithin nor 
cephalin was present in measurable quantities. 
Long and Williams (i960) investigated the lipids of 
£. stearothermophilus grown at two temperatures. The presence 
of significant quantities of lipids on or near the surface of 
spores was demonstrated, ranging from 6.90 to 13*11# in 
spores grown at 37°C. and 7.42 to 10.13# in spores grown at 
55°C. Extraction of this lipid had no demonstrable effect 
upon the staining, viability, or heat resistance of spores 
grown at either temperature. Long and Williams believed this 
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lipid was derived from the culture medium or from the fraction 
released into the medium upon autolysis of vegetative cells. 
They also reported that the concentration of phospholipids 
did not seem to be the important factor in heat tolerance 
since vegetative cells contained higher levels of phospho­
lipids than did spores. The presence of fatty acids in the 
sporulating medium was shown to influence the heat tolerance 
of spores of Clostridium botulinum (Sugiyama, 1951). Washing 
the spores with chloroform did not reduce the heat tolerance 
indicating that the fatty acids were incorporated into the 
spores. 
Cells of Bacillus M, a lysozyme sensitive bacillus 
related to £. meeaterium. were treated with lysozyme and the 
cell ghosts separated from the remainder of the cell (Weibull, 
1957 ) • The peripheral part of the ghosts represented the 
cytoplasmic membrane but Weibull believed these structures 
contained additional elements. Wide variations in lipid 
content of different batches occurred, but the ratio of free 
lipids to total lipids was constant. He suggested that the 
phospholipids isolated from ghosts of Bacillus M consist 
mainly of phosphatidic acids because choline, serine, 
ethanolamine, inositol, hexose, and cholesterol were not 
detected. 
The chemical composition of the cell walls and the 
spore membranes of B. subtilis, B. cereus, B. meeaterium, and 
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£• mesentericus were investigated (Yoshida si âl* t 1957)» 
These workers did not identify the lipids but reported that 
the membranes contained more nitrogen and lipid than the 
walls of the vegetative cells, but the latter contained more 
phosphorus and ash. Yukin (1962) separated the lipids of £. 
megaterium protoplast membranes on silicic acid into neutral 
lipids and phospholipids. The extracted neutral lipid 
represented 12.9#, and the extracted phospholipid represented 
10# of the dry weight of the membrane. Ethanolamine and small 
quantities of several amino acids were detected in hydrolyzed 
samples. Membrane fractions from lysed protoplasts of £. 
megaterium were separated by Hill (1962). He was able to 
detect phosphatidyl serine, phosphatidyl ethanolamine, and 
an inositol phosphatide. Phosphatidyl ethanolamine, phospha­
tidyl glycerol, lecithin, lysolecithin, lysophosphatidyl 
ethanolamine, and three acidic phosphatides of unknown 
structure were detected in £. cereus cells (Kates âl» » 
1962). The cells grown in the presence of alcohols usually 
had a higher phosphatide content than the cells grown in an 
alcohol-free medium. Haverkate ftl. (1962) isolated 
phosphatidyl glycerol from £. cereus and fi. megaterium. They 
also mentioned cardiolipid, phosphatidic acid, and phospha­
tidyl ethanolamine in other fractions isolated from these 
organisms. 
Phosphatides have been linked with a number of 
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functions in the higher animals. These compounds may be 
concerned with the structure of certain cellular components 
and with metabolic processes related to these structures. 
There is also evidence suggesting that phosphatides are 
involved in protein synthesis and secretion and absorption 
and transport of fat. Benson and Maruo (1958) believed that 
the a-bisphosphatidic acids served as diglyceride donors. 
The phosphatidic acids may serve as intermediates in the 
biosynthesis of di- and triglycerides as well as several of 
the phospholipids. 
Early work with mycobacterial lipids has revealed 
that they possess antigenic properties, the phospholipids 
being the most active antigenic lipid fraction. The 
functions of phospholipids in many other bacterial genera 
are not known, but presumably they serve as structural 
material sharing with protein a role in maintaining the 
integrity of the cell. 
32 
MATERIALS AND METHODS 
The Organism 
Bacillus polymyxa strain 1A39 from the culture collec­
tion of the Department of Bacteriology at Iowa State University 
was used in these studies. Cells were grown in G medium 
(Stewart and Halvorson, 1953)• This substrate has the follow­
ing composition: 
K2HP04 1 g MgS04 0.8 g 
(NH/jJgSOjj, 2 g ZnSOij, 0.010 g 
yeast extract 2 s CuS0^ -5H20 0.010 g 
glucose 4 g FeSO^  0.001 g 
MnS0^ -H20 o
 
•
 H
 
g CaCl2 0.010 g 
The ingredients were dissolved in one liter of distilled 
water and adjusted to pH 6.8. Spores were produced in the 
same medium except that the calcium chloride content was 
increased to 100 milligrams per liter to obtain "complete" 
sporulation. 
The inoculum for the production of both vegetative 
cells and spores was prepared by washing the growth from the 
surface of 10 stock culture agar slants and adding this to 
1 1/2 liters of G medium. The inoculum was then incubated 
overnight at 30°C on a water bath shaker. The cells were 
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added to 15 liters of G medium in a 20 liter pyrex carboy 
fitted with a stirrer and two porous spargers near the bottom. 
Compressed air was filtered through non-absorbant cotton wool 
packed in a stainless steel tube (1 3/4" x 8"). Sterile air 
was forced through the spargers into the liquid medium at a 
rate of 3*5 liters/min. 
The cells or spores were harvested by centrifugation 
at 16,000 E.C.F. x g using the continuous flow system of the 
Servall centrifuge. Vegetative cells were collected after 
approximately 12 hours and spores after approximately 24 
hours incubation at 30°C« Collected cells and spores were 
washed with distilled water, then with sodium hydroxide 
solution (pH 10), with sulfuric acid solution (pH 2.5), and 
again with distilled water. 
Isolation of the lipids 
Lipid material was extracted from vegetative cells in 
a chloroform-methanol mixture (2:1, v/v) in the proportion of 
20 ml. of solvent mixture per gram of tissue. The cell-
solvent mixture was stirred overnight at 2°C on a magnetic 
stirrer and then an additional 2 hours after the solvent had 
warmed to room temperature. The extracted lipid and solvent 
were separated from the cells by filtration; the cell residue 
was reextracted with the same solvent system in the proportion 
of 10 ml. of solvent mixture per gram of original tissue. 
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After filtration, the extracts were combined and mixed with 
0.2 their volume of 0.05 N NaCl (Folch et al.. 1957)* Upon 
standing, a biphasic system was obtained with essentially all 
of the tissue lipids in the lower phase and non-lipid materials 
in the upper phase. The upper phase was removed with a siphon 
and the surface washed three times with solvent of the same 
composition as the upper phase, i.e., chloroform:methanol; 
water, 3:48:47. The extract was evaporated to dryness in a 
rotary evaporator at a temperature not exceeding 50°C. The 
remaining residue was extracted twice at room temperature with 
anhydrous ether. Another extraction procedure used was the 
Kates êt, âl» (1962) modification of the Bligh and Dyer (1959) 
method. Washed cells were suspended in distilled water to a 
density of 50-100 mg/ml. To one volume of cell suspension 
was added 3*75 volumes of methanol-chloroform (2:1, v/v) and 
the mixture was mixed gently with a magnetic stirrer at room 
temperature for 4 hours. To this mixture were added 1.25 
volumes each of chloroform and water and the mixture was 
shaken briefly and centrifuged. The solvent and cells were 
added to 500 ml screw cap polyethylene bottles and centri­
fuged at 1000 BPM in a size 1 floor model International 
centrifuge. The upper alcoholic layer was removed by 
aspiration, and the cells at the interphase were removed from 
the lower lipid-rich chloroform layer by filtration through 
glass wool. The lipid sample was evaporated to dryness and 
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extracted with ether. 
Lipid material was extracted from spores in a mixture 
of chloroform-methanol (2:1, v/v). Soaking the intact spores 
for two weeks in the solvent had little effect; therefore, 
the spores were disrupted to allow penetration of the solvents 
and subsequent extraction of the lipids. The spores were 
suspended in methanol as a very thick slurry (approximately 
200 mg/ml) and were disrupted with the Mickle tissue 
disintegrator using 80-120 mesh glass beads (Flex-O-Lite 
Manufacturing Corporation, St. Louis 23, Missouri) as the 
abrasive. Pour mis of the spore slurry, 6 grams of grass 
beads, and 2 1/2 ml of methanol were added to the Mickle 
containers. Approximately 45 minutes were required to obtain 
complete disruption of the spores. The extract was decanted 
from the glass beads and the spores lipids were separated 
from the spore material in the same manner as was used for 
the vegetative cells. 
Purification of the lipids 
Various lipids have been separated and purified by 
adsorption and displacement elution on silicic acid columns. 
Application of the silicic acid column to separation of 
complex lipid mixtures has been made by a number of workers 
and the techniques used are modifications of some of the 
techniques of Bergstrom (1952b), Fillerup and Mead (1953)» 
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and Hanahan (1957). 
Silicic acid Mallinckrodt, analytical reagent, 
100 mesh silicic acid for chromatography was used. The 
silicic acid was prepared by suspending 100 grams in 1 liter 
of acetone; after settling for 3° minutes, the solvent and 
any suspended silicic acid were decanted. This process was 
repeated once with acetone and twice with ether. The small 
particles of silicic acid which tend to reduce flow of 
solvent through the column were removed by this procedure. 
The silicic acid was dried and activated by heating at 120-
130°C. for 18 hours. The activation procedure was carried 
out the day prior to use to ensure reproducible results. 
Silicic acid column A column (13 x 350 mm) 
constructed for this work was fitted with a 200 ml reservoir 
on the top, a teflon stopcock at the bottom, and a porous 
glass disc fused 2 1/2 cm above the stopcock. A nitrogen 
cylinder was connected with rubber tubing to the column through 
a ground glass ball and socket joint on top of the reservoir. 
A glass wool plug was placed on the porous glass disc to 
support the silicic acid. A filter paper disc was placed 
on top of the silicic acid to prevent disrupting the column 
surface when adding solvents. The silicic acid column was 
prepared by adding a petroleum ether slurry containing seven 
grams of silicic acid to the column. The silicic acid was 
packed by adding petroleum ether and applying a slight 
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pressure of nitrogen. The column was washed for several hours 
with petroleum ether, allowed to stand overnight in the 
solvent, washed with acetone-ether (1:1, v/v), and followed 
by washing with anhydrous ether. Approximately 150 micrograms 
of lipid sample dissolved in ether were carefully layered on 
the top surface of the column and again a slight nitrogen 
pressure was applied. The sample was allowed to drain nearly 
to the surface of the silicic acid. Additional small quanti­
ties of solvent were added slowly until the sample was 
completely washed on to the column. 
Separation of neutral lipids from phospholipids 
Anhydrous ether was used to wash the column to which the 
lipid sample was added. This procedure displaced all of the 
neutral lipids and fatty acids while the phospholipids 
remained adsorbed on the silicic acid. The phospholipids 
were subsequently eluted with absolute methyl alcohol or 
separated into groups. 
Separation of phospholipids Phospholipids were 
separated into groups by eluting the column with chloroform 
containing increasing increments of methanol. Large samples 
were separated and collected in glass-stoppered Erlenmeyer 
flasks cooled in an ice bath. The smaller samples were 
separated and collected in glass-stoppered test tubes on a 
Packard fraction collector. Approximately 5*0 ml (250 drops) 
samples were collected in 20 x 150 mm glass-stoppered tubes 
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which were immediately stoppered and placed at -20°C. Each 
fraction was analyzed for phosphorus by the method of Chen 
fit g!» (1956), and for number of phospholipid components by 
chromatography on silicic acid impregnated paper (Marinetti 
St al* » 1957; Marinetti, 1962). 
Phosphorus determination 
Phosphorus determinations were carried out by 
adding 0.5 ml of lipid extract to 20 x 150 mm Pyrex test 
tubes. The solvent was removed by evaporation at 80°C., 
and 0.1 ml concentrated sulfuric acid was added. The 
samples were digested in an oven at 150-l60°C. for 4 hours. 
After this, 2 drops of 30 percent hydrogen peroxide were 
added to each tube and digestion continued for 2 hours. If 
needed, further additions of peroxide were made to get 
complete combustion and clear solutions. The digests were 
diluted with 5 ml 2N sodium hydroxide; addition was made 
around the top inner surface of the tube in order to rinse 
the walls. Two mis of freshly prepared color reagent were 
added and the tubes mixed. The color reagent was prepared 
by mixing 1 volume 6N sulfuric acid with 2 volumes distilled 
water and 1 volume of 2.5# ammonium molybdate, then adding 1 
volume 10% ascorbic acid (Chen fit al.. 1956). The fractions 
and a standard curve (0.0-5 Hg P/tube run in duplicate) were 
heated in a water bath at 38°C. for 1 1/2 hours to develop 
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the color. One ml was removed from each tube, diluted to 25 
ml with distilled water, and the absorbancy at 820 mjji deter­
mined with a Bausch and Lomb spectrophotometer. 
Qualitative tests on paper chromatograms 
Ninhydrin test for amino-phosphatides Dried paper 
chromatograms were dipped in a 0.25# solution of ninhydrin in 
acetone-collidine, 9:1 (v/v). Lutidine (or collidine) must 
be used or the color reaction is very weak (Marinetti, 1962). 
The papers were dried in the hood and the amino lipids 
appeared as purple spots on a white background. 
Choline The test of Levine and Chargaff (1951) 
gave blue spots with choline; however, this test was not 
specific for choline since cephalins and other unsaturated 
lipids also give weak tests (Marinetti, 1962). The test 
was performed by washing the dried chromatogram with 
distilled water for 10 minutes and then immersing in a 1% 
aqueous solution of phosphomolybdic acid for 10 minutes. The 
papers were given 3 successive 10 minute washes in distilled 
water and immersed in a 1% solution of stannous chloride 
dissolved in 3N hydrochloric acid to develop the color. 
The Dragendorf reagent was also used for choline and 
gave an orange-red color (Bregoff fit al» » 1953)» A stock 
solution of potassium bismuth iodide (KBil^ ) was prepared by 
dissolving 8 grams of bismuth subnitrate in 20 to 25 ml of 
40 
30# nitric acid (sp. gr. 1.18). This solution was added 
slowly, with stirring, to a solution containing 28 grams of 
potassium iodide and 1 ml of 6N hydrochloric acid in 
approximately 5 ml of water. A dark precipitate formed and 
then redissolved giving an orange-red solution which was 
cooled in the refrigerator, filtered, and diluted to 100 ml 
with water. This solution was stable for a few weeks if kept 
in a dark bottle under refrigeration. 
The developing solution (potassium bismuth iodide 
reagent ) consisted of 20 ml water, 5 ml 6N hydrochloric acid, 
2 ml Dragendorff stock solution, and 5 ml 6N sodium hydroxide, 
added in that order. A few drops of 6N hydrochloric acid were 
added if all of the bismuth hydroxide did not dissolve. This 
reagent was stable for 10 days when kept refrigerated. 
Papers were developed by carefully dipping them once 
into the Dragendorf reagent. To get uniform results, the 
papers were always dipped so the solvent front moved in the 
same direction since the solubility of some of the compounds 
in water produced a slight but reproducible shift of the 
spots (Bregoff et al.. 1953). 
Tests for unsaturatlon The tests for unsaturation 
were performed essentially as described by Marinetti (1962). 
Dried paper chromatograms were washed for 10 minutes in 
distilled water and then immersed in a 1# aqueous potassium 
permanganate solution. The excess permanganate was removed 
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by rinsing with distilled water and the unsaturated compounds 
appeared as brown spots. The test using iodine vapors did 
not require washed chromatograms. Crystals of iodine were 
placed in the bottom of a closed container which was placed 
in a pan of hot water (60°C. ). The dry paper chromatograms 
were introduced into the container for 30-60 seconds after 
the jar had filled with purple iodine vapors. Unsaturated 
compounds appeared as brown spots in daylight and as intensely 
dark spots under ultraviolet light (366 m|i). 
Test for plasma!ogen Marinetti's test (1962) was 
used to determine if plasmalogens were present in bacterial 
lipids. Dried paper chromatograms were given three succes­
sive 10 minute washes in distilled water and then dried in 
the hood. The dried chromatograms were immersed for 1 to 2 
minutes in a solution of 2,4-dinitrophenylhydrazine (150 mg 
dissolved in 100 ml 3# hydrochloric acid), and then given 
four successive 10 minute washes in distilled water to 
remove excess reagent. Plasmalogens were detected as dark 
areas absorbing ultraviolet light (366 mu). 
Detection of phosphorus-containing spots The 
phosphorus-containing hydrolysis products and intact lipids 
were located on paper using the acid molybdate spray of Hanes 
and Isherwood (1949). When the hydrolysis was carried out by 
the mild alkaline method of Dawson (I960), the reagent was 
prepared by adding 10 ml 72# perchloric acid, 20 ml 5N hydro­
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chloric acid, and 40 ml 5# ammonium molybdate solution to 130 
ml water. The papers were sprayed with the reagent and dried 
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in a stream of air. Blue colored spots developed upon 
exposure to ultraviolet light. 
Detection of sugars and glycerol Polyhydroxy 
compounds were detected, following chromatographic separation, 
by the method of Trevelyan fii âi* (1956). The dried developed 
paper chromatogram was first passed rapidly through a solution 
of silver nitrate in acetone. This solution was prepared by 
diluting 0.1 ml of saturated aqueous silver nitrate with 20 
ml acetone and adding water dropwise, with shaking, until 
the precipitated silver nitrate had redissolved. The paper 
was dried and dipped into a 0.5N solution of sodium hydroxide 
in ethanol at room temperature. Brown silver oxide was 
immediately produced with reducing sugars forming dense black 
or brown spots of silver. When reduction was judged complete, 
excess silver oxide was dissolved by immersing the papers in 
6N ammonium hydroxide after which the papers were washed in 
tap water and dried. 
Detection of vicinal glycol groups Dry paper 
chromatograms were sprayed with 1% aqueous sodium metaperiodate, 
allowed to react 5-10 minutes, and treated with sulfur di­
oxide (Baddiley and Buchanan, 1956). The paper chromatograms 
were hung in a glass vessel and were treated with sulfur 
dioxide generated by the action of hot sulfuric acid on copper 
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wire. After this treatment, the chromatograms were sprayed 
with Schiff's reagent prepared immediately beforehand by 
bubbling sulfur dioxide through a 1% aqueous suspension of 
basic fucsin (pararosaniline hydrochloride) until a pale 
straw-colored solution resulted (Buchanan âl»» 1950; 
Baddiley and Buchanan, 1956). Aldehydes formed by periodate 
oxidation of vicinal hydroxyl or carbonyl groups reacted with 
Schiff's reagent forming blue spots on the paper. 
Silicic acid impregnated paper 
Sodium silicate Sodium silicate was prepared by 
the method of Marinetti (1962). A sodium hydroxide solution 
was prepared by dissolving 147.5 g sodium hydroxide in 250 ml 
of distilled water. This solution was added, with stirring, 
to 155 g silicic acid (Mallinckrodt, analytical reagent, 100 
mesh) suspended in 400 ml of distilled water and containing 
0.85 g soluble starch. Starch was added to the sodium 
silicate to eliminate some of the powdery nature of the 
impregnated paper (Marinetti, 1962). The sodium silicate 
was cooled and diluted to 850 ml for use. 
Impregnation of filter paper Whatman No. 1 
filter paper was cut into 15 x 23 cm sheets. Larger sheets 
were used initially but proved to be very difficult to handle 
when wet. The filter paper sheets were impregnated by the 
procedure of Hack (1961). Papers were immersed in the sodium 
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silicate solution for 5 minutes, hung vertically to drain 
5 minutes, and then immersed in 6N hydrochloric acid for 10 
minutes. Ten to 20 sheets were prepared at one time. 
Contact between the newly dipped paper and the papers in the 
acid bath had to be avoided until the silicate on the paper 
had a chance to react with the hydrochloric acid. When the 
sodium silicate had reacted with the hydrochloric acid (10-
15 seconds), the paper was immersed in the bath with the 
other papers. Silicic acid impregnated papers were washed, 
after decanting the hydrochloric acid, for 3° minutes in 
running tap water and in distilled water 30 minutes. The flow 
of water was kept to a minimum to prevent leaching of silicic 
acid from the paper. Papers were hung to dry and then pressed 
between glass plates overnight to remove wrinkles (Marinetti, 
1962). The finished papers were stored in a plastic bag to 
avoid adsorption of vapors. 
Paper chromatography of phospholipids 
Applying lipids to the paper A pencil line was 
drawn 2 cm from the bottom of the paper to locate the points 
of addition. The side used depended on whether the solvent 
was to travel parallel to the 15 or 23 cm edge of the paper. 
Phosphatides were applied in volumes of 10 to 3° micro liters 
at 2 to 3 cm intervals along the pencil line. The concentra­
tion of phosphatide determined the quantity added because 
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overloading caused very poor separation and resolution. 
Development of chromatograms The papers to which 
samples had. been added were rolled into cylinders and the 
ends held together with cotton thread. Care was taken to 
prevent the vertical ends of the paper from touching each 
other. These paper cylinders were developed in a 12 x 27 cm 
glass chamber by ascending chromatography using the diisobutyl 
ketone-acetic acid-water (40;20:3, v/v) solvent of Marinetti 
and Stotz (1956). Developed chromatograms were dried in a 
hood and then immersed in an aqueous Bhodamine 6G dye solution 
(12 mg/liter) 4 to 5 minutes (Marinetti al» * 1957). The 
excess dye was rinsed off with distilled water and the wet 
chromatogram viewed under ultraviolet light (366 mp). The 
acidic phosphatides appeared blue or purple and the neutral 
phosphatides appeared yellow or orange. 
Hydrolysis of phospholipids 
Acid hydrolysis The phosphatides were hydrolyzed 
with 0.2 N hydrochloric acid in methanol at 60°C. for 2 hours 
(Kaneshiro and Marr, 1962). The excess HC1 was removed ia 
vacuo. and the residues were extracted with water. The 
products of hydrolysis were separated by ascending and 
descending chromatography on Whatman No. 1 filter paper with 
N-propanol-ammonium hydroxide-water [(6:3:1,v/v), Kaneshiro 
and Marr (1962)], and N-butanol-methyl ethyl ketone-water 
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[(2:2:1, v/v) Mizell and Simpson (1961)]. The spot tests 
mentioned earlier were used to detect choline, primary amines, 
inositol, glycerol, and 1:2 glycols. 
Alkaline hydrolysis The mild alkaline hydrolysis 
method of Dawson (I960) was used to deacylate the alkali-
labile phosphatides. The remaining water-soluble fragments 
(mainly the corresponding esters of glycerophosphoric acid) 
were subsequently identified by paper chromatography. The 
lipid sample (not more than 550 |ig P) was added to a Pyrex 
test tube, the solvent removed ia vacuo. and the residue 
dissolved in 0.8 ml anhydrous methanol. Ethyl alcohol (7.5 
ml, 95%) was added followed by 0.65 ml water and 0.25 ml 
aqueous N sodium hydroxide. The samples were incubated at 
37°C. for 20 minutes, 0.4 ml ethyl acetate was added, and the 
samples incubated an additional 5 minutes at 37°C. The result­
ing hydrolysate was taken to dryness jjj vacuo below 60°C. A 
volume of water was equilibrated with 2 volumes of isobutanol-
methanol (1:2, v/v) by shaking for a few minutes and allowing 
to settle. Samples from the upper aqueous phase (1 ml) and 
lower solvent layer (2 ml) were added to the dry residue of 
the hydrolysate and the tube shaken and warmed slightly to 
ensure the quantitative solubilization of the hydrolysis 
products. The resulting emulsion was centrifuged to form a 
biphasic system. Phosphorus-containing products of hydrolysis 
were soluble in the upper aqueous layer. 
47 
Another method of deacylation used was that of Benson 
and Strickland (I960). The phosphatides were deacylated in 
0.1 N methanolic potassium hydroxide at 37°C. for 15 minutes. 
After neutralization with Dowex 50-H+ resin, the phosphate 
diesters were applied to Whatman No. 1 paper and separated 
by chromatography in phenol-water (100:38) and in butanol-
acetic acid-water (5:3:1)* Phosphorus-containing products of 
hydrolysis were detected using the acid molybdate spray of 
Hanes and Isherwood (1949). The presence of inositol and 
glycerol was determined using the alkaline silver nitrate 
reagents of Trevelyan s£ al.. (1956), and amino-containing 
compounds were detected with ninhydrin. 
Infrared analyses of phosphatides 
Samples of phosphatides eluted from the silicic acid 
column were added to vials and the solvent removed in a 
stream of nitrogen. The lipid samples were dissolved in 
chloroform and the infrared measurements made with a Perkin 
Slmer Model 21 Infrared Spectrophotometer. 
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RESULTS AND DISCUSSION 
Identification of Bacillus polymyxa Phospholipids 
Paper chromatographic separation of lipids 
Phospholipids isolated from cells and spores of J3« 
polymyxa were separated on silicic acid impregnated paper 
using diisobutyl ketone-acetic acid-water (40:20:3, v/v). 
Chromatograms of the total lipids revealed the presence, in 
both cells and spores, of eight components. These components 
have been characterized and identified on the basis of their 
relative Bf values and staining reactions with various reagents. 
A tracing of the chromatogram (Figure 1) illustrates the type 
of separation that occurred on silicic acid impregnated paper. 
The colors obtained when the papers were stained with Bhoda­
mine 6G and viewed under ultraviolet light (366 mji) are given 
as orange, yellow, or blue (0, Y, or B). The spot number, 
Rf values and some of the characteristics of the complex lipids 
from cells and spores are listed in Table 1. The results of 
mild hydrolysis (deacylation) and chromatographic separation 
of the products of hydrolysis of cell lipids in phenol-water 
(100:38, w/v) and butanol-acetic acid-water (5:3:1; v/v) are 
given in Table 2. The abbreviations PW and BAV will be used 
hereafter to represent these solvents. 
Phosphatidyl ethanolamine The major component, 
Figure 1. Tracing of chromatogram of phospholipids 
of £. polvmvxa cells (C) and spores (S). 
The chromatograms were stained with 
Bhodamine 6Q and viewed under ultraviolet 
light (366 mjx). Abbreviations: Y, yellow; 
B, Blue; 0, orange. Identification of the 
spots is given in Table 1. 
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Table 1. Characteristics of complex lipids of B. polymyxa cells and spores 
Spot Average Color with Ninhydrin Periodate- Choline Identity of 
no. Rf value Bhodamine stain Sohiff stain stain components 
6G stain 
1 0.24 Yellow (w)a - - + Lysolecithin 
2 0.30 Blue (w) + — - Lysophosphatidyl 
serine 
3 O.36 Orange (w) + - - Lysophosphatidyl 
Blue (s) 
ethanolamine 
4 0.45 - + - Phosphatidyl 
Orange (s) 
glycerol 
5 0-55 + - - Phosphatidyl 
ethanolamine 
6 O.65 Blue (s) - - - Bis(phospha-
Blue (w) 
tidic)acid 
7 0.75 - - - Phosphatidic 
Orange (s) 
acid 
8 
— 
— — Neutral lipids 
A^bbreviations: w, weak; s, strong; +, positive; -, negative. 
52 
Table 2. values of phospholipids hydrolysis products 
Spot Bf PW& Bf BAW Identified 
I 0.29 (O.34) 0.35 (0.33) GP 
II 0.40 (0.46) 0.24 (0.26) GPG 
III O.58 (0.60) 0.19 (0.19) GPE 
IV 0.67 0.53 G 
V 0.82 (0.89) 0.42 (0.40) GPC 
Abbreviations used: PW, phenol-water (100:34, w/v); 
BAW, butanol-acetic acid-water (5:3:1* v/v); GP, glycero­
phosphate; GPG, glycerophosphoryl glycerol ; GPE, glycero-
phosphoryl ethanolamine; G, glycerol; GPC, glycerophosphoryl 
choline. IL. values in parentheses obtained by Kates (1960b) 
for authentic phosphate esters. 
spot 5, has been identified as phosphatidyl ethanolamine. 
When separated on silicic acid impregnated paper, stained with 
Bhodamine 6G, and viewed under ultraviolet light, this compo­
nent appeared orange with an B^ . value of 0.55» Marinetti 
(1962) reported a yellow fluorescence and B^ » value of 0.50 for 
a pure synthetic phosphatidyl ethanolamine. Phosphatidyl 
ethanolamine isolated from Micrococcus haloden^ r»)f 
appeared pink with an Bf of 0.57 under similar conditions 
(Kates e£ , 1961), and from Bacillus cereus it appeared 
orange with an of 0.57 (Kates al., 1962). Spot 5 was 
compared with a standard sample of phosphatidyl ethanolamine 
obtained from Nutritional Biochemical Corporation, Cleveland, 
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Ohio, and was found to have the same Bf and positive reaction 
with the ninhydrin stain. 
After mild alkaline hydrolysis and chromatographic 
separation using PW and BAW, a spot corresponding to glycero­
phosphoryl ethanolamine (GPE) was detected (see Table 2); it 
had the same Bf as that obtained with the deacylated standard 
sample. These spots were detected with the ninhydrin stain, 
periodate-Schiff1 s stain, and the Hanes and Isherwood stain. 
Using PW as the solvent, an Bf of 0.58 was obtained which 
corresponds very closely to that of 0.60 obtained by Kates 
(1960b). When BAW was used, an Bf of 0.19 was obtained which 
is the same as that reported by Kates. 
After the total lipid extracted from vegetative cells 
was hydrolyzed with acid, ethanolamine could be detected with 
the ninhydrin stain on chromatograms. Descending chromatog­
raphy with mixtures N-butanol-methyl ethyl ketone-water 
(2:2:1, v/v) and N-propanol-ammonium hydroxide-water (6:3:1, 
v/v) was used for separation. A sample of acid hydrolyzed 
standard phosphatidyl ethanolamine and a sample of ethanola­
mine served as references in identifying the ethanolamine 
from bacterial cells. 
Phosphatidyl ethanolamine has also been identified as 
a major phosphatide component in Bacillus cereus (Kates £& al., 
1962), Micrococcus halorienitriflcans (Kates et al., 1961), 
Azobacter aeilis. Agrobacterium tumefaciens. and BgghSriPftia 
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coll (Kaneshiro and Marr, 1962), Clostridium butyrlcum (Gold-
fine, 1962), and Escherichia coli (Kurokawa et al., 1959) • 
Asselineau and Lederer (I960) reviewed the literature and 
reported that phosphatidyl ethanolamine had not been detected 
in the mycobacteria. Later work has, however, shown this 
phosphatide to be present in 4 mycobacterium species, two of 
which are pathogenic (Subrahmanyam , 1962). 
According to Hanahan (I960), phosphatidyl ethanolamine 
is found widely distributed in nature and next to lecithin is 
the most abundant naturally occurring phospholipid. Early 
literature mentioned the presence of this phospholipid in 
bacteria and other sources but usually as the cephalin frac­
tion. With the advent of new methods, such as silicic acid 
chromatography, this component of cephalin can now be resolved 
from the other components facilitating its identification. 
Therefore, phosphatidyl ethanolamine is probably the major 
component or at least one of the major components of bacterial 
lipids. 
Lysophosphatidyl ethanolamine Another closely 
related phospholipid, lysophosphatidyl ethanolamine, has been 
detected in the complex lipids extracted from cells and spores 
of B. polymyxa (spot 3). This component, differing from the 
parent phosphatidyl ethanolamine by the absence of one ester-
ified fatty acid, has been identified as one of the minor 
components. The reactions of this compound were very similar 
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to those obtained with the parent compound. An orange 
fluorescent spot with Bhodamine 6G was obtained, having an Bf 
of O.36. This phosphatide was present in low concentrations 
and could be detected with the ninhydrin stain only when a 
large sample was used. After alkaline or acid hydrolysis, the 
lyso derivative would yield the same products of hydrolysis 
as phosphatidyl ethanolamine. Marinetti (1962) reported an 
Bf of 0.30 and a yellow fluorescence with a sample of highly 
purified lysophosphatidyl ethanolamine. Kates s£, al- (1961) 
detected an amino lipid with an Bf of 0.30 in lipids of 
Micrococcus halodenitrificans which they suggested as being 
lysophosphatidyl ethanolamine. Kates s£, al. (1962) also 
detected a compound in £. cereus tentatively identified as 
lysophosphatidyl ethanolamine having an Bf of 0.40 and yellow 
fluorescence with Bhodamine 6G. 
Phosphatidyl glycerol Spot 4 has been identified 
as phosphatidyl glycerol on the basis of its blue fluorescence 
with Bhodamine 6G, Bf of 0.45, its positive reaction with the 
periodate-Schiff reagent, and the presence of glycerophosphoryl 
glycerol (GPG) in the hydrolysate. Spot 4 had an average Bf 
of 0.45 and blue fluorescence with Bhodamine 6G. Other 
workers have reported a blue fluorescence and the following 
Bf values: Kates al* (1961), 0.45; Sehgal al* (1962), 
0.49; and Kates al* (1962), 0.51. A positive test with 
the periodate-Schiff reagent showed the presence of vicinal 
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hydroxy! groups in this compound. After deacylation and 
chromatographic separation using two solvent systems (PW and 
BAW), a spot corresponding to glycerylphosphoryl glycerol 
(GPG) was detected (see Table 2). A standard GPG sample was 
not available; however, the B^  values were very close to those 
obtained by other workers. The GPG spot was detected with the 
Banes and Isherwood stain for phosphate esters and also the 
periodate-Schiff stain. When PW was used, an B^  of 0.40 was 
obtained; an B^  of 0.24 was obtained with BAW. The B^  values 
reported by Kates (1960b) were 0.46 and 0.26 in PW and BAW, 
respectively. Benson and Strickland (I960) reported an B^  
of 0.40 for GPG in PW. 
During the past few years, several different types of 
nitrogen-free phospholipids have been found in many natural 
sources including plants, animals, and bacteria. These 
compounds were classified as derivatives of the bis (glyceryl )-
phosphoric acids. Maruo and Benson (1957» 1958) detected 
a, a ' -diglycerophosphate [bis ( gly eery )phosphoric acid] in 
plants and suggested the possible occurrence of an acylated 
derivative of this compound. Other evidence indicating the 
presence of phosphatidyl glycerol was the identification of 
cytidine diphosphate glycerol by Baddiley (1956b) in 
Lactobacillus arabinosus. Benson and Maruo (1958) isolated a 
compound that was found to give reactions expected of phospha­
tidyl glycerol. After lead tetraacetate oxidation, benzoyla-
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tion, and acetonation they concluded that this unknown material 
was a phosphatidyl glycerol and proposed the following struc­
ture: 
0 
II 
HOC 0 P 0 CH, 
2| I I 2 
HC 0 CO B 0 OH OH 
I I 
HGC • 0 CO H CH OH 
This compound has been identified as a component of the 
phospholipids of Micrococcus halodenitrifleans (Kates et al., 
1961), Bacillus cereus and B. megaterium (Haverkate et al., 
1962), Halobacterlum cutirubrum (Sehgal et al., 1962), B. 
cereus (Kates et al., 1962), and Micrococcus lysodeikticus 
(Macfarlane, 1961). 
Bis(phosphatidle)acid Spot 6 has been tentatively 
identified as bis(phosphatidic)acid. This compound has not 
been isolated from many sources. It was found in the lipids 
of cod and haddock by Garcia al. (1956), but has not been 
reported in other tissues. Bis (phosphatidle)acid is very 
similar in structure to phosphatidyl glycerol except that it 
is a tetra acyl compound while phosphatidyl glycerol is a 
diacyl compound. The structure of bis(phosphatidic)acid 
as given by Hanahan (I960) is as follows: 
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0 
II 
HGG— O4 CO—B 
O CO H O 
O P 
CH— O CO B 
CH2—O CO—B 
Bis(phosphatidic)acid isolated from B. polymyxa has 
an Bf that varies from 0.57 to 0.69 which is very close to 
the range of O.57 to 0.6? reported for the pure synthetic 
compound (Marinetti, 1962). It gave a blue fluorescence with 
Bhodamine 6G, an amino nitrogen could not be detected with 
ninhydrin, and the compound showed a negative periodate-Schiff 
test. Mild alkaline hydrolysis would form the same phosphate 
diester from bis(phosphatidic)acid as from phosphatidyl 
glycerol. This product, GPG, was detected when the total 
lipid sample was deacylated and analyzed chromatographically. 
In addition, spot 6 could be polyglycerol phosphate, cardio-
lipin, or an unknown phospholipid. These possibilities will 
be discussed later. 
phosphatidic acid as a result of the large Bf when chromato-
graphed on silicic acid impregnated paper, blue fluorescence 
with Bhodamine 6G, and cochromatography with a pure synthetic 
phosphatidic acid. The Bf obtained (0.75) is very close to 
the value (0.78) reported by Marinetti (1962). After alkaline 
hydrolysis, a spot corresponding to the deacylated phosphatidic 
Phosphatidic acid Spot 7 has been identified as 
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acid could be detected with the Hanes and Isherwood spray. 
Since the phosphatidic acid is one of the minor components 
and in low concentration, the spot was difficult to detect due 
to weak color development. The Bf values of the deacylated 
compound were O.35 and 0.29 in BAW and PW, respectively. 
Kates (1960b) reported an Bf of O.33 in BAW and Benson and 
Strickland (I960) reported an Bf of O.33 in PW. 
The phosphatidic acids of diacyl-L-a-glycerophosphoric 
acids normally are found in very small concentrations in most 
naturally occurring sources. These compounds were found in 
high concentrations in cabbage leaves by Chibnall and Channon 
(1927). During the past few years, considerable evidence has 
accumulated as to the probable role of phosphatidic acids in 
the biosynthesis of lecithins and triglycerides; however, 
their presence in intact tissue was doubted for a number of 
years. Hanahan and Chaikoff (1948) were the first to question 
the existence of the phosphatidic acids in nature and their 
contention was verified by Kates (1954). Hanahan (1957) 
showed the high concentration of phosphatidic acid in cabbage 
leaves was due to the action of the enzyme phosphatidase 
(lecithinase) C, which attacked the fully esterified phospho-
glycerides with the release of a nitrogen base and the 
phosphatidic acid. Kates (1955) showed the activation of 
this enzyme system by certain organic solvents which added 
to the complications encountered in the isolation of the 
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phospholipids. 
Phosphatidic acid can be formed by the action of the 
enzyme phosphatidase on the phospholipids (Hanahan and 
Chaikoff, 1948); it may therefore be an intermediate in the 
biosynthesis or degradation of lecithin and related substances. 
Kornberg and Pricer (1953) demonstrated the biosynthesis of 
phosphatidic acid in particulate preparations of rat liver; 
the isolation of this phospholipid from animal tissue had not 
been achieved. Gray and Macfarlane (1958) mentioned in their 
work on polyglycerophosphatides of ox heart a minute constitu­
ent which might have been phosphatidic acid. Hubs cher and 
Clark (I960) developed a procedure for the isolation of 
phosphatidic acid from mammalian liver including ox, pig, and 
rat. Their results indicated that phosphatidic acid did occur 
in the livers of the ox, pig, and rat, and that 6-7% of the 
phospholipid was present as plasmalogen. 
Phosphatidic acids have been reported in the lipids 
extracted from bacterial cells by several workers. Long and 
Williams (I960) suggested the lipids in spores of Bacillus 
s t ear o thermophi lus were composed of lecithin or phosphatidic 
acid. Weibull (1957) reported that phospholipids isolated 
from a strain of bacillus consisted mainly of phosphatidic 
acids since choline, serine, ethanolamine, inositol, hexose, 
and cholesterol were not detected. 
Phosphatidic acid may be present in the intact cell or 
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may result from the action of the phosphatidase (lecithinase) ; 
however, Chu (1949) reported that Bacillus cereus contained 
phosphatidase D which could cleave the ethanolamine from 
phosphatidyl ethanolamine releasing phosphatidic acid. Also, 
according to the work of Haverkate si ai» (1962), phosphatidase 
D could attack phosphatidyl glycerol with the release of 
glycerol and phosphatidic acid. 
Lysolecithin Spot 1 has been identified as 
lysolecithin. This compound gave a yellow fluorescence with 
Bhodamine 6G and an average Bf value of 0.24. Marinetti 
(1962) reported an Bf of 0.18 and a yellow fluorescence for 
lysolecithin. Other workers (Kates si al-, 1962; Sehgal gt 
al.. 1962) reported blue-orange and yellow fluorescence with 
Bhodamine 6G and Bf values of O.32 and 0.25, respectively. 
Total lipids extracted from cells and spores were 
deacylated and chromatographed with PW and BAW. A choline 
containing spot (GPC) was detected with both the Dragendorf 
reagent and phosphomolybdic acid-stannous chloride reagent. 
The B^  values obtained with PW and BAW were 0.82 and 0.42, 
respectively. The Bf values for authentic phosphate esters 
of GPC in PW and BAW, respectively, were found to be 0.89 
and 0.40 (Kates, 1960b). Cochromatography of the unknown 
with a standard containing both lecithin and lysolecithin 
showed spot 1 to be lysolecithin. 
Lysophosphatidyl serine Spot 2 has been identified 
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as lysophosphatidyl serine on the basis of its blue fluor­
escence with Bhodamine 6G, Bf value of 0.30, and positive 
reaction with ninhydrin. Lysophosphatidyl serine was purified 
by Marinetti (1962) and reported to fluoresce blue with 
Bhodamine 6G and have an Bf of 0.25. After mild alkaline 
hydrolysis, the deacylated GPS was not detected. The low 
concentration of this minor phosphatide component may explain 
this. A standard sample of phosphatidyl serine was available, 
but did not contain detectable amounts of lysophosphatidyl 
serine; therefore a comparison could not be made with a 
standard lysophosphatidyl serine sample. 
Lyso compounds have been reported in animal tissue, 
but it was not until the work of Kates st &L. (1961, 1962) 
that the lyso compounds were reported in bacterial lipids. 
Kates 5^ . (1962) were not able to explain the presence of 
lysolecithin and lysophosphatidyl ethanolamine in the lipids 
extracted from cells of £. cereus. The formation of lyso 
compounds was attributed either to the action of phosphatidase 
A on the parent phosphatide or to hydrolysis of the enol-ether 
linkage in the plasmalogen forms of these parent phosphatides. 
They believed that neither of these explanations coaild account 
for the lyso compounds in £. cereus since Chu (1949) reported 
this organism contained phosphatidase D and not phosphatidase 
A. They were also unable to detect enol-ether linkages with 
the plasmal stain of Hack and Ferrans (1959)* In addition to 
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the lyso compounds detected in bacterial lipids by others 
(Kates si âl», 1962), an additional lyso compound has been 
detected in the lipids of B. polymyxa. This compound, lyso­
phosphatidyl serine, is present in cells and spores in very 
low concentrations. Even though the lyso compounds were 
detected, the parent compounds, lecithin and phosphatidyl 
serine, were not detected in the total lipids of cells and 
spores. Kates si gl. (1961, 1962) and Sehgal si a^ . (1962) 
did, however, detect the parent as well as the lyso compounds. 
Neutral lipids Spot 8 was assumed to be neutral 
lipids but further identification was not attempted. This 
spot readily gave a positive test for unsaturation when 
potassium dichromate or iodine vapors were used. 
Besults of acid hydrolysis of the total lipids 
Total lipids were hydrolysed and the products of 
hydrolysis were examined by paper chromatography. After 
development of the chromatogram, a ninhydrin stain showed a 
large intense spot. After the chromatogram had remained at 
room temperature for approximately 24 hours, two more very 
faint spots became visible. The large spot has been identi­
fied as phosphatidyl ethanolamine by the use of standard 
phosphatidyl ethanolamine and ethanolamine. One of the small 
spots appeared to travel at the same rate as serine; however, 
because of the very faint spot obtained, positive identifica­
64 
tion was not possible. The other faint spot has not been 
identified. Within recent years, evidence has appeared for 
the occurrence of other amino acids in phospholipids (Westley 
£i al*, 1957). However, serine, present as phosphatidyl 
serine, is still the only well-authenticated example of such 
a combination (Hanahan, I960). 
Many of the complex lipids isolated from bacteria have 
been found to contain carbohydrates. Chromatography of the 
products of hydrolysis of B. polymyxa phospholipids did not 
reveal carbohydrates when stained with the alkaline silver 
nitrate reagents of Trevelyan si al* (1956). 
Results of mild alkaline hydrolysis of the total lipids 
The results of alkaline hydrolysis (deacylation) have 
been discussed with the various phosphatide components. One 
spot detected when the products of hydrolysis from total 
lipids were chromatographed does not fit in this category. 
This spot with values of 0.67 and 0.53 in PW and BAW, 
respectively, has been identified as glycerol by cochromatog-
raphy with a standard glycerol sample. Deacylation of the 
sample of neutral lipids would release glycerol. Possibly 
some hydrolysis of the phospholipids occurred also with the 
release of glycerol. Brockerhoff (1963) reported that deacyl­
ation of phospholipids by mild alkaline hydrolysis is usually 
accompanied by some hydrolysis of phosphate ester bonds. This 
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could very easily account for the glycerol. 
Complex phosphatidic acids 
Closely allied with phosphatidic acid is the complex 
phosphatidic acid commonly called cardiolipin. This compound 
was first reported by Pangborn (1941) to be present in beef 
heart. Later, Pangborn (1947) studied the products of 
hydrolysis of cardiolipin and on the basis of these observa­
tions proposed the following structure: 
0 
II 
HoC-O-CO-B CH? 0 P-O-CH? CHÔ-O-CO-B 
I I 2 I I 2 1 2 
HC-O-CO-B 0 CH-O-CO-H 0 CH-O-CO-B 0 CH-O-CO-B 
I I I I « I 
HpC—0 P-O-CE, CHo-0 P-0-dHo 
* II 2  ^ II 2 
0 0 
McKibbin and Taylor (1952) isolated a polyglycerol phosphatide 
from the alcohol insoluble phosphatides of dog liver and 
proposed a glycerol:phosphorus:fatty acid ratio of 3:2:3* 
Gray and Macfarlane (1958) isolated a cardiolipin from ox 
heart which they suggested contained four fatty acid residues 
rather than three. In their structure, one glycerol residue 
was not fully esterified and the free hydroxyl was assigned 
arbitrarily as a secondary alcoholic group on the middle 
glycerol. Since these cardiolipin structures are based on the 
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chemical analysis of products of hydrolysis, Hanahan (I960) 
indicated that there are other possible structural interpreta­
tions. The structural formula of the cardiolipin might more 
closely represent a bis(phosphatidic)acid or another possi­
bility, though perhaps less likely, is that of a phosphatidyl 
glycerol reported by Maruo and Benson (1958). 
Evidence of polyphosphatidic acid (polyglycerol 
phosphatide) in bacteria has been increasing. Gilby si aJk* 
(1958) reported that the lipid component of the protoplast 
membrane of Micrococcus lvsodeikticus contains approximately 
80# of a complex polyphosphatidic acid which may be similar 
in structure to that proposed by Pangborn (1947). In their 
discussion of enzymic hydrolysis and structure of phosphatidyl 
glycerol from £. cereus and fi. meeraterium. Haverkate s£ âl» 
(1962) mentioned that cardiolipin (and closely related phospho­
lipids) were eluted from the silicic acid column with the 
phosphatidic acids. In the investigations of the lipids of 
Micrococcus halodenitrifleans, Kates et al. (1961) were 
unable to identify four spots staining blue with Bhodamine 
6G. Three of these spots possessed Bf values between 0.55 
and 0.80 which may have been polyphosphatidic acids. Sehgal 
et al. (1962) identified a polyglycerol phosphatide which was 
a long-chain alkyl ether analogue of diphospha11dy1 glycerol. 
They also reported two other unidentified spots with Bf values 
of 0.71 and 0.78 in the lipids of Halobacterium cutirubrum. 
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Kates st &L. (1962) detected a phosphatide in B. cereus 
which they were unable to identify, but which they suggested 
may be polyglycerol phosphatide due to its acidic nature 
-(blue fluorescence with Bhodamine 6G) and value. 
Since the polyphosphatidic acids have been reported 
in other bacteria, the occurrence of phosphatidyl glycerol 
and bis (phosphatidic )acid in lipids of cells and spores of 
B. polymyxa is not surprising. Some question still remains 
as to the identity of spot 6, tentatively identified as 
bis (phosphatidic)acid. Since bis (phosphatidic)acid has only 
been reported in fish, spot 6 possibly may correspond to one 
of the other complex phosphatidic àcids. 
A pure synthetic sample of bis(phosphatidic)acid was 
not available for comparison; however, after deacylation, a 
spot corresponding to glycerophosphoryl glycerol (GPG) was 
detected. A spot corresponding to 1,3-diglycerophosphoryl 
glycerol (GPGPG) was not detected. If cardiolipin or one of 
the other polyglycerol phosphatides was present in sufficient 
quantities, GPGPG should have been detected. 
Column chromatography of bacterial lipids 
A lipid sample extracted from cells of Bacillus 
polymyxa was separated into individual phospholipid 
components, and the elution was followed by phosphorus 
determinations on each fraction collected. Besults obtained 
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by plotting micrograms of phosphorus against fraction are 
illustrated in Figure 2. The lipid composition of the peaks 
and areas between peaks was determined by the use of silicic 
acid impregnated paper. Phospholipid components eluted by 
the solvent mixtures and identified on silic acid impregnated 
paper are recorded in Table 3» 
Table 3« Phospholipids eluted by solvent mixtures 
Solvent mixture Volume of Phospholipid components 
eluate (ml) 
CHC13 35 Neutral lipids 
CHClg : MeOH, 20:1 95 bis(phosphatidic)acid 
phosphatidic acid 
CHCl^  : MeOH, 9:1 105 phosphatidyl glycerol 
lysophosphatidyl 
ethanolamine 
CHClj 2 MeOH, 4:1 105 phosphatidyl ethanolamine 
lysophosphatidyl serine 
phosphatidyl glycerol 
CHCI3 : MeOH, 3:2 90 lysolecithin 
CHCI3 
• 
MeOH, 
MeOh 
1:4 50 
50 
nothing detected 
nothing detected 
Table 3 and Figure 2 show that some separation of the 
phospholipids was accomplished using the silicic acid column. 
These results were reproducible when using the lipids extracted 
from the same batch of cells or when comparing the lipids 
Figure 2. Chromatography of phospholipids from B. polymyxa cells on silicic 
acid column. 250 drops were collected per tube and phosphorus 
determinations were carried out on each tube. C = chloroform, 
M = methanol. 
30 C-M 4.1 C-M 20:1 C-M 1:4 C-M 3:2 C-M 9:1 
25 
60 50 70 20 30 
TUBE NUMBER (5 ML.FRACTION) 
40 80 90 100 
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extracted from different batches of cells. The average 
recovery of phosphorus obtained from the column was 104#. 
Phosphatidyl glycerol was not eluted with one solvent as a 
distinct peak but rather was eluted with two solvents, 
CHCl^ îMeOH 9:1 and 4:1. Haverkate al. (1962) obtained 
the main portion of phosphatidyl glycerol in the CHCl^ sMeOH 
96:6 effluent. The other components were eluted almost 
entirely with one solvent system; however, the peaks were 
contaminated with small amounts of other components. Horn-
stein sîi (1961) separated phospholipids on silicic acid 
columns using CHCl^ :MeOH 20:1, 1:1, and finally MeOH. They 
also found that each of the eluted fractions contained a 
mixture of lipids in which one class predominated. Wren and 
Mitchell (1959) obtained results in which most of the 
phosphatidyl ethanolamine was eluted in one peak and the 
remainder trailed throughout a large number of tubes. The 
failure to get complete and sharp separation of the phospho­
lipid components may be a result of decomposition or oxidation 
of the lipid samples during extraction or column chromatog­
raphy. Wren (I960) suggested that considerable care must be 
taken when lipids are separated chromatographically. The 
susceptibility of lipids, particularly tissue phospholipids, 
to autoxidation makes it desirable to chromatograph them 
anaerobically. This would involve the use of such things as 
deoxygenated adsorbents and eluents as well as nitrogen 
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atmospheres above and below the column. 
Infrared spectra of cell and spore lipids 
Infrared spectra of the lipids representing each of 
the peaks in Figure 2 are recorded in Figure 3» Spectra of 
the complex lipid fraction isolated from spores of B. polymyxa 
and a sample of phosphatidyl glycerol from cells of B. 
polymyxa are recorded in Figure 4. 
Spectrum A represents the CHCl^ sMeOH (20:1) fraction 
eluted from the silicic acid column. Spectra B and C 
represent the CHClyMeOH (4:1) and (3:2) fractions respective­
ly. Spectrum D was obtained from a sample of phosphatidyl 
glycerol purified on the silicic acid column and spectrum E 
1 
represents the lipid fraction isolated from spores with the 
neutral lipids removed on a silicic acid column. These 
infrared spectra show absorptions at 295°-2910, 2870-2850, 
1735-1725, 1455-1450, and 1365 cm"1 which Wren and Mitchell 
(1959) reported to be characteristic lipid absorption. 
Spectrum C, which represents the sample containing lysoleci-
thin, has a peak absorbing at about 3^ °° cm"1. Wren and 
Mitchell (1959) obtained absorption in this area with their 
lecithin fractions. According to Smith and Freeman (1959), 
the spectra of both cephalin and lecithin have, at 1725 cm"1, 
a strong ester carbonyl band that is absent in sphingolipid 
spectra. Lecithins can be distinguished by a strong band at 
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Figure 3. Infrared spectra of bacterial phosphatides. 
A. CHClyMeOH 20:1 fraction; B. CHCl^ MeOH 
4:1 fraction; C. CHCl^ :MeOH 3:2 fraction 
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Figure 4. Infrared spectra of bacterial phosphatides< 
D. Phosphatidyl glycerol from Bacillus 
polymyxa cells; E. Phosphatides from B. 
polymyxa spores 
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970 cm"1 that is absent in cephalins. The sample of lyso-
lecithin (spectrum C) did not show a peak or band at 970"1 cm; 
however, the concentration of lysolecithin was very low and 
several other components were also present. The spectrum of 
the spore complex lipids (spectrum E) was similar to spectrum 
C in that it also contained a weak absorption at 3400 cm"1. 
The absorption at 970 cm"1 was absent in spore lipids also. 
Schwartz et al. (1957) reported that the fatty acid 
amide group present in sphingolipids produces very strong 
amide bands at about 1655 and 1550 cm"1, allowing distinction 
of sphingolipids from other complex lipids. Both cephalin 
and lecithin possess fatty acid ester groupings which are 
not in sphingolipids. These ester groups produce very strong 
C=0 bands at about 1740 cm"1 in both lecithin and cephalin, 
thus making them spectroscopically indistinguishable in that 
region. Schwartz e£ al. did indicate, however, that at lower 
wave numbers (900-1000 cm"1) cephalins and lecithins can be 
distinguished since all the cephalins show a medium strong 
band at about 1020 cm"1, which is absent in lecithins, and 
all the lecithins show a somewhat weaker band at 970 cm"1, 
which is absent in cephalins. These differences were not 
detected with lipids of Bacillus polymyxa which may be 
accounted for by the low concentration of the lipid components 
and the impure samples. The spectrum of the CHCl^ îMeOH 4:1 
fraction, which was composed mainly of phosphatidyl ethanol-
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amine, was compared with the spectrum of a standard sample 
of phosphatidyl ethanolamine. These two spectra, although 
not identical, were very similar. Differences may have been 
caused by dissimilar fatty acids in the two samples. 
The results presented here and the work of others 
suggests that phospholipid analysis by infrared spectro­
photometry is useful in separating classes of phospholipids 
such as lecithin, cephalin, and sphingomyelin. This method 
does not appear to be too useful in the differentiation of 
the cephalin fraction, phosphatidyl ethanolamine from 
phosphatidyl serine. The amino group of ethanolamine or 
serine might be expected to show an absorption that would 
differentiate the cephalins from phosphatidyl glycerol or 
phosphatidic acid. The remainder of the molecule would, 
however, be very similar and result in a similar spectrum. 
The fatty acids present in these phospholipids have 
not been identified and may be different in the case of each 
phospholipid component. Any oxidation or. degradation of the 
fatty acids would be expected to show up in an altered 
infrared spectrum and would tend to complicate the picture. 
The results indicate that until the fatty acids present are 
identified both chemically and spectrophotometrically, the 
spectra of the deacylated compounds might be more significant 
and meaningful. 
The cells and spores of B. polymyxa appeared to 
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contain approximately the same concentration of phospholipids; 
however, a quantitative determination was not made. Spore 
samples were disrupted in the Mickle tissue disintegrator 
with the loss of small quantities of solvent. Since some 
sample was lost, an accurate measure of phospholipid could 
not be made. The phospholipid concentration in vegetative 
cells was found to be 0.13-0.14^ . 
Acid or alkaline hydrolysis was not carried out on 
lipids isolated from spores because the samples were small. 
However, the lipids isolated from vegetative cells were 
hydrolyzed and the products subsequently identified. The 
spore phospholipids were identified by specific spot tests 
on paper chromatograms and also by co chromatography with the 
identified cell phospholipids. Analysis of a mixture of 
spore and cell phospholipids on silicic acid impregnated 
paper showed cells and spores to be composed of the same 
phospholipid fractions. Plasmalogens were not detected in 
the lipids extracted from either spores or vegetative cells. 
The fatty acids from cells and spores of B. polymyxa 
were not investigated. Spot tests for unsaturation showed 
that the neutral lipid fraction contained unsaturated 
compounds. A positive test was also obtained with the phos­
phatidyl ethanolamine fraction. The minor phosphatide 
components did not show the presence of unsaturated fatty 
acids; however, the low concentration of these samples may 
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have been a factor. Published work on the neutral lipids of 
Bacillus species has shown large quantities of poly-3-
hydroxybutyric acid. Only limited work has been done on the 
fatty acid components. To gain further insight into the 
differences between spore and vegetative cell phospholipids, 
an examination of the fatty acids in the phospholipids should 
be made. A study of this type would require a great deal of 
care to prevent oxidation and degradation of the fatty acids 
during extraction and examination. Also, with the examina­
tion of fatty acids in phospholipids, the concentration of 
phospholipids in both cells and spores should be determined. 
The heat tolerance exhibited by spores cannot be 
attributed to differences between the type of phospholipids 
present in vegetative cells and spores. However, a combina­
tion of phosphatides with other compounds may have significant 
influences on heat stability. For example, barium and calcium 
salts of phosphatidic acids are hard plastic masses insoluble 
in water. Spores are higher in calcium than vegetative cells; 
therefore, it is possible that calcium, phosphatides, protein 
and dipicolinic acid, all constituents of spores, interact to 
yield a more stable complex than that found in the vegetative 
cell. In addition, it is well established that phospho­
lipids can interact with proteins to form lipoproteins. Death 
by heat has been attributed to denaturation of proteins, and 
the formation of such complexes would have some influence 
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on heat resistance of the organism. The importance of 
phosphatides in such a capacity has yet to be determined. 
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SUMMARY AND CONCLUSIONS 
Vegetative cells and spores of Bacillus polymyxa 
were produced in a fermentor containing 16 liters of medium, 
collected by centrifugation, and washed free of medium and 
debris. Lipids in the vegetative cells were extracted by 
gently mixing in a mixture of chloroform and methanol. 
Spores required mechanical disruption and subsequent solvent 
extraction with chloroform and methanol. The complex lipids 
(phospholipids) were identified by chromatography on silicic 
acid impregnated paper using specific spot tests as well 
as identification of the products of acid and alkaline 
hydrolysis. 
Samples of lipids extracted from vegetative cells 
and spores were separated into neutral lipids and phospho­
lipids using a silicic acid column; the phospholipids were 
further separated into phospholipid components. Phosphorus 
analyses were run on the phospholipid fractions to detect 
the portions containing phospholipids, and infrared analyses 
were then run on the phospholipid fractions from vegetative 
cells as well as a sample of total spore phospholipid. 
Neutral lipids were present but were not character­
ized further. Cells and spores of Bacillus polymyxa were 
found to contain the same seven phospholipid components. 
These complex lipids were divided into several groups, one 
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of which was composed of three ninhydrin positive fractions 
identified as phosphatidyl ethanolamine, lysophosphatidyl 
ethanolamine, and lysophosphatidyl serine. One choline-
containing compound was detected and identified as lyso-
lecithin. Three other acidic phosphatides found were 
identified as phosphatidyl glycerol, phosphatidic acid, and 
a compound that appeared to be bis(phosphatidic)acid. 
Bis(phosphatidic)acid had not previously been reported in 
tissue other than fish. The identification of this compound 
was tentative; however, the reactions indicated a polyphospha-
tidic acid-type structure. The polyphosphatidic acids have 
been detected in bacterial cells by several authors but, as 
yet, have not been positively identified. The other phospho­
lipids present, with the exception of lysophosphatidyl serine, 
have been detected in bacterial lipid extracts. 
From this work the following conclusions can be made: 
1. Spores required mechanical disruption to facilitate 
solvent penetration and extraction of phospholipids. 
2. Spores and cells were found to contain both acidic and 
neutral phospholipids. 
3. The neutral lipid and phosphatidyl ethanolamine 
fractions contained unsaturated linkages. 
4. Spores and vegetative cells of B. polymyxa contained the 
same phospholipid components. 
5- Three amino nitrogen-containing phospholipids found in 
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cells and spores were identified as phosphatidyl 
ethanolamine, lysophosphatidyl ethanolamine, and 
lysophosphatidyl serine. 
Lysolecithin was identified in the phospholipids isolated 
from vegetative cells and spores. 
Three acidic phospholipids present in cells and spores 
were identified as phosphatidyl glycerol, phosphatidic 
acid, and a compound that appeared to be bis(phospha­
tidic )acid. 
The phospholipids did not appear to function in increasing 
the heat resistance of spores because the same phospho­
lipid components were found in both spores and vegetative 
cells. 
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